The ubiquitin ligase RNF8 promotes the DNA damage response (DDR). We observed that the expression of RNF8 was increased in bladder cancer cells and that this change in RNF8 expression could be reversed by adenovirus-mediated shRNA treatment. Moreover, we found that RNF8 knockdown sensitized bladder cancer cells to radiotherapy, as demonstrated by reduced cell survival. Additionally, the absence of RNF8 induced a high rate of apoptosis and impaired double-strand break repair signaling after radiotherapy. Furthermore, experiments on nude mice showed that combining shRNF8 treatment with radiotherapy suppressed implanted bladder tumor growth and enhanced apoptotic cell death in vivo. Altogether, our results indicated that RNF8 might be a novel target for bladder cancer treatment.
INTRODUCTION
Bladder cancer is the second most frequent cause of mortality among cancers of the genitourinary system and is the sixth most common malignancy in men worldwide [1] . Some frequently used therapeutic strategies, such as radical cystectomy (RC), may be associated with significant morbidity and may affect patients' comfort and quality of life [2] [3] [4] , and the 5-year recurrence-free survival rate associated with bladder cancer treatments remains poor [5] [6] [7] [8] . Other conventional bladder-sparing treatments, such as transurethral resection, radiotherapy and chemotherapy, also provide limited effects [9] [10] [11] [12] [13] [14] . Therefore, the dismal clinical context of bladder cancer necessitates the development of new therapeutic strategies.
The clinical application of adenovirus-mediated gene therapy displays the potential to substantially improve the therapeutic outcomes of patients, along with the possibility to preserve the bladder [15] [16] [17] [18] [19] . Recombinant adenovirus is an efficient gene delivery system in which the virus replicates episomally without host genome insertion [20] . In this study, we employed a special replication-deficient adenovirus type 5 (Ad5), which can minimize the danger of host genome instability and tumorigenesis [21] . Moreover, Ad5 can transfer genes into both dividing and non-dividing cells. As a result, this virus is suitable for malignancies with a low mitotic index [21] .
We observed that RNF8 was highly expressed in bladder cancer cells. Thus, we hypothesized that RNF8 might be a potential target for bladder cancer treatment. Cells derived from RNF8-/-mice exhibit higher radiosensitivity than wild-type mice [22] . Correspondingly, high expression of RNF8 might reduce the efficacy of radiotherapy for bladder cancer. RNF8 activates a cascade of protein modifications and localization alterations upon double-strand break (DSB) induction [23] [24] [25] [26] [27] [28] [29] [30] , which can be generated by ionizing radiation (IR) [31] [32] [33] , to repair damaged DNA. The DNA damage response (DDR) must be silenced in the setting of cancer treatment because DNA damage repair defects may cause hypersensitivity to genotoxic agents [34] .
Here, we explored the specific effects of RNF8 knockdown via adenovirally delivered shRNA on the response to radiotherapy. Although current anti-cancer virotherapy has clinical limitations, as systemically administered adenoviruses can elicit a host immune response [21] , the bladder is an anatomically accessible organ, rendering it an ideal site for direct intravesicular administration of therapeutic agents [35] . Approximately 80% of bladder cancer patients have non-muscleinvasive bladder cancer (NMIBC) or carcinoma in situ (CIS) at the time of initial presentation [36] , so bladder irrigation may be clinically effective for adenoviral vector delivery. Furthermore, for the remaining 20% of newly diagnosed patients with muscle-invasive bladder cancer (MIBC), adenovirus could be injected into bladder tumors extending into the muscular layer under direct visualization using a cystoscope.
RESULTS

RNF8 is highly expressed and participates in the DNA damage response in bladder cancer cells
To investigate whether RNF8 is spontaneously expressed in bladder cancer cells, we first analyzed three urothelial carcinoma cell lines, T24, BIU87 and 5637, as approximately 90% of malignant bladder tumors are urothelial cell carcinomas [36] . We cultured and harvested cells in the logarithmic phrase of growth for Western blotting analysis. The results showed that the expression of RNF8 in the three bladder cancer cell lines was upregulated compared to the control urothelial cell line SV-HUC-1 ( Figure 1A ). RNF8 expression was also higher in tissue specimens from bladder cancer patients who underwent radical cystectomy than in normal control bladder cancer-adjacent tissues ( Figure 1B) . Next, quantitative analysis of the intensity of the Western blotting bands was performed. The average relative intensity of RNF8 was 1.75-fold higher in the T24, BIU87 and 5637 cells than in the SV-HUC-1 cells and was 2.56-fold higher in the bladder cancer tissues than in the tumoradjacent control tissues ( Figure 1C) .
Next, we used an immunofluorescence staining assay to detect endogenous RNF8 expression in bladder cancer cells. We observed that RNF8 was diffusely and highly expressed in the cell nucleus ( Figure 1D ). Then, we evaluated the presence of ionizing radiation-induced foci (IRIF) of RNF8 and γ-H2AX, a marker of DSBs [34] , in response to DNA damage after exposure to 2 Gy of X-ray irradiation. The results showed that RNF8 clearly formed IRIF that colocalized with γ-H2AX IRIF ( Figure 1E ); this finding suggested that RNF8 participated in DNA damage repair after radiotherapy.
RNF8 knockdown sensitizes bladder cancer cells to radiotherapy
The enhancement of the DDR can promote cancer cell survival and growth by sustaining genomic integrity; thus, DDR activity likely confers therapeutic resistance. Conversely, loss-of-function alterations of the DDR may confer therapeutic sensitization [37, 38] . Because RNF8 was highly expressed in bladder cancer cells and participated in the DDR after radiotherapy (Figure 1) , to determine the extent of the contribution of RNF8 to radioresistance, we knocked down RNF8 expression using adenovirus-mediated shRNA in bladder cancer cell lines and then performed a colony formation assay. The efficient downregulation of RNF8 was confirmed by Western blotting (Figure 2A ). The data from the colony formation assay showed that treatment with several doses of IR (2, 4 and 8 Gy) did not appear to exert differential effects between untreated and shNull-treated control cells at any IR dose; in contrast, adeno-shRNF8-treated cells displayed a decreased survival rate compared to their controls ( Figure 2B, 2C, 2D ). Altogether, these results suggested that the downregulation of RNF8 sensitized bladder cancer cells to radiotherapy.
RNF8 knockdown increases IR-induced apoptosis in bladder cancer cells
To determine the underlying mechanisms by which RNF8 knockdown conferred radiation sensitivity, immunocytochemistry was performed on the T24 bladder cancer cell line for a TUNEL assay. shRNF8-treated cells and their controls were either untreated or irradiated (5 Gy). The non-irradiated bladder cancer cells displayed low levels of apoptosis. However, after exposure to 5Gy IR, T24 cells treated with shRNF8 showed a significant increase in the proportion of TUNEL-positive cells compared to the control cells ( Figure 3A , 3B). The data from 5637 and BIU87 cells were similar to those from T24 cells (data not shown). Additionally, Acridine orange (AO)/propidium iodide (PI) double staining was performed to further investigate the apoptosis of T24 cells upon treatment with shRNF8 and IR, and the results were consistent with those of the TUNEL assay ( Figure  3C, 3D) . Therefore, downregulation of RNF8 resulted in enhanced IR-induced apoptotic cell death, and this finding suggested that combination treatment of bladder cancer cells with shRNF8 and IR can substantially improve the efficacy of radiotherapy by inducing apoptosis.
RNF8 knockdown disrupts the DNA damage repair pathway in bladder cancer cells
To explore whether RNF8 participated in the DDR in bladder cancer cells, we utilized T24 cells to examine the process of post-irradiation DNA damage repair in the presence or absence of RNF8 knockdown by detecting γ-H2AX foci at different time points. Cells infected with adenovirus-mediated shRNF8 or shNull vectors and control cells were treated with 5 Gy IR. No difference in the number of γ-H2AX IRIF was observed between the three groups at early time points (2 and 4 hours) post-IR. www.impactjournals.com/oncotarget Immunofluorescence staining for RNF8 in the T24, BIU87, and 5637 cell lines. Cells were stained using an anti-RNF8 antibody and counterstained with DAPI. Scale bar, 5 μm. E. After irradiation (2 Gy), the cells were fixed, stained using anti-RNF8 and anti-γ-H2AX antibodies and counterstained with DAPI. Scale bar, 5 μm. www.impactjournals.com/oncotarget In contrast, at 24 hours post-IR, when most DSBs had been repaired in untreated and shNull-treated control cells, the number of γ-H2AX IRIF in shRNF8 cells was significantly greater than that in control cells ( Figure 4A,  4B) . Thus, we demonstrated that RNF8 was crucial for IR-induced DNA damage repair in bladder cancer cells.
To investigate the impact of RNF8 on H2A and H2B ubiquitination in bladder cancer cells, T24 cells transfected with shRNF8 or shNull were exposed to 5 Gy IR. Then, we prepared cell lysates for Western blotting. The levels of both Ub-H2A and Ub-H2B were increased after IR exposure in control cells; however, the Ub-H2A and Ub-H2B levels were decreased in RNF8-silenced cells compared with their mock shNull-treated controls regardless of exposure to IR. The results of this analysis showed that in bladder cancer cells, RNF8 participated in the radiotherapy-induced DNA damage response via the ubiquitination of H2A and H2B.
RNF8 knockdown impairs the recruitment of 53BP1, BRCA1 and RAP80 to DNA damage sites RNF8 controls the cellular responses to genotoxic stress by regulating the interactions, localization, and function of DDR proteins [23] . To further investigate the by fluorescence microscopy. T24 cells transfected with empty vector or the shRNF8-harboring vector were irradiated with 5 Gy X-ray irradiation and then allowed to recover for the indicated number of hours. Afterwards, the cells were fixed and stained using an anti-γ-H2AX antibody. Scale bar, 5 μm. B. The numbers of γ-H2AX foci at the indicated time points post-irradiation. At least 100 cells were quantified for each experiment. The data are presented as the means±SD of at least 3 independent experiments. * indicates statistical significance (*P < 0.05; Student's t-test). C. T24 cells with or without RNF8 knockdown were treated with IR (5Gy) or were untreated. Then, the cells were analyzed by Western blotting for Ub-H2A and Ub-H2B expression. H4 was used as a loading control.
role of RNF8 in DNA damage repair in bladder cancer cells, we depleted RNF8 using shRNA and examined whether the formation of IRIF of various DNA damage signaling/repair proteins was RNF8-dependent. We first used the T24 cell line to examine MDC1 foci, as MDC1 phosphorylation is required for the binding of RNF8 to DSB sites [30] . The results showed no significant differences in MDC1 IRIF between the control cells and the shRNF8-treated cells after IR exposure (5 Gy), as both groups clearly displayed MDC1 IRIF at DNA damage sites ( Figure 5A) .
Next, we evaluated 53BP1 IRIF formation in the absence of RNF8 in bladder cancer cells. We observed that 53BP1 accumulated at DNA damage sites in control cells but that 53BP1 displayed only small, transient foci at early time points (0.5 hour) that were not retained at DNA damage sites in shRNF8 cells; the 53BP1 foci were diffusely distributed in the nuclei but did not clearly form IRIF ( Figure 5B ).
In addition to 53BP1, BRCA1 plays a critical role in homologous recombination (HR)-mediated DNA repair, and its binding protein, RAP80, which contain an ubiquitin-interacting motif (UIM), is required for the optimal accumulation of BRCA1 at DNA damage sites in response to IR [39] . Our results showed that downregulation of RNF8 impaired the recruitment of BRCA1 and RAP80 to DNA damage sites in bladder cancer cells ( Figure 5C, 5D) . Collectively, these results indicated that in RNF8-silenced bladder cancer cells, γ-H2AX and MDC1, which function upstream of RNF8, clearly formed IRIF after radiotherapy. However, the downstream DNA repair proteins 53BP1, BRCA1 and RAP80 displayed abrogated recruitment and retention at DSB sites. These observations suggested that the DSB signaling and repair cascade was defective in the absence of RNF8.
RNF8 knockdown enhances the outcomes of radiotherapy in vivo in malignant bladder tumor models
Because RNF8 knockdown sensitized bladder cancer cells to radiotherapy in vitro, we further performed in vivo experiments to explore whether this effect of RNF8 could be observed in animal models. Tumors were established via subcutaneous injection of T24 cells into nude mice. When palpable tumors were established, the mice were randomized into shRNF8-and shNull-treated groups. Adenoviruses were injected into the tumors 3 times, on the 1 st , 3 rd and 5 th days after tumor establishment. Western blots were performed to assess RNF8 expression in the tumor samples from the two groups on the 5 th day; the results revealed that RNF8 expression was decreased in the shRNF8-treated group compared to the shNulltreated group ( Figure 6A) . Then, the mice were exposed to IR on the 6 th day, and tumor growth was monitored every three days ( Figure 6B ). In this experiment, tumor growth in the shRNF8-treated group was dramatically decreased compared to the shNull-treated control group, though there was no significant difference in body size or weight between the two groups ( Figure 6C, 6D) .
Additionally, we expanded these experiments to assess the therapeutic responses of the implanted tumors using histological staining with hematoxylin-eosin (H&E). We observed that the tumor tissue from the shRNF8-treated group showed visible necrosis and apoptosis compared to the shNull-treated control group ( Figure 6E) . Overall, these results indicated that adenovirus-mediated RNF8 knockdown sensitized bladder cancer cells to radiotherapy in vivo.
DISCUSSION
At present, radiotherapy is an important strategy for cancer treatment, but its results remain far from satisfactory. IR for cancer treatment primarily induces DNA damage to target cells, and this DNA damage is repaired by both HR and nonhomologous end joining (NHEJ) [40] . Correspondingly, the downstream DDR proteins promoted by RNF8 can trigger DSB repair through the HR and NHEJ pathways [24] . Our data showed that RNF8 was highly expressed in bladder cancer cells ( Figure 1A, 1B, 1C) and that RNF8 accumulated at DSB sites after radiotherapy ( Figure 1D, 1E) . As RNF8 performs a pivotal function in the response to DSBs [23] , we hypothesized that the upregulation of RNF8 might result in the resistance of bladder cancer to radiotherapy. We can take advantage of the cellular genetic defects associated with the repair mechanisms of DNA lesions induced by genotoxic anti-cancer therapies [34] . Therefore, a potential anti-cancer target might exert its effect by suppressing the functional expression of RNF8. We knocked down RNF8 using an adenovirusmediated shRNA ( Figure 2A ) and detected decreased cancer cell survival post-IR following RNF8 knockdown ( Figure 2B-2D) . Furthermore, our data showed increased apoptosis and an impaired DDR pathway signaling in shRNF8-transfected bladder cancer cells after exposure to 5 Gy IR (Figure 3 and Figure 4A , 4B). Impairment of the histone ubiquitination pathway appears to be the underlying mechanism of radiosensitization. RNF8 ubiquitinates the chromatin components H2A and H2B at the flanking region of DSBs. Once ubiquitinated, Ub-H2A and Ub-H2B facilitate the recruitment of certain downstream DDR factors, such as 53BP1 and BRCA1, to DSB sites [25, 30, 41] . As a result, the ubiquitination of H2A and H2B is important for DSB repair, which may provide radioresistance. We demonstrated that knockdown of RNF8 blocked the histone ubiquitination process ( Figure 4C ) and blocked ability of a series of downstream DDR factors to clearly form IRIF, which constitute the DNA damage repair cascade ( Figure 5 ). Studies have revealed that lung cancer patients expressing low levels of both BRCA1 and 53BP1 experienced better prognostic outcomes from chemotherapy [42] , and our data imply that downstream DDR-related proteins such as 53BP1 and BRCA1 also display potential as a complementary target to treatment with certain genotoxic anti-cancer agents. Altogether, our findings indicated that RNF8 knockdown attenuated radioresistance and enhanced cancer cell death in both in vitro bladder cancer cell lines and in vivo malignant bladder tumor models established in nude mice ( Figure 6 ). Of note, the results of in vivo histological H&E staining in the shRNF8-treated group were consistent with the high apoptosis rate exhibitedby shRNF8-treated bladder cancer cells in vitro (Figure 3 and Figure 6E ). Our study supports the use of combination therapy for bladder cancer patients based on the specific cellular DDR pathway activated in individual tumors. In addition to its important role in the response to DSBs, RNF8 was also found to elicit telomere protection by ubiquitinating and stabilizing Tpp1 at telomere ends [43] . At the same time, telomerase is activated in the majority of human cancers, and telomerase activation serves to stabilize telomeres and maintain tumor proliferation [44, 45] . Thus, knockdown of RNF8 may suppress bladder cancer cell survival and progression through other supplementary pathways.
There are various advantages to the use of adenovirus-mediated shRNF8 transfection combined with radiotherapy to treat bladder cancer, as this treatment strategy can significantly improve radiosensitivity with bladder preservation. However, there are still some disadvantages to its use. On the one hand, although certain reconstructed adenoviruses specifically targeting bladder cancer have already been invented, the lack of validation of these adenoviruses in the appropriate patient populations and in specific contexts precludes their clinical implementation [16, [46] [47] [48] . On the other hand, targeted therapy itself is not suitable in all circumstances, especially when the targeted factor is expressed by and functions in all normal somatic cells. To address these problems, the optimization of combination therapy for bladder cancer, including the invention of bladder-specific vectors and the improvement of bladder irrigation methods for targeted drug delivery, is necessary. Furthermore, because adenovirus can be cleared relatively easily by the immune system, the current technology cannot use an adenovirusmediated gene delivery system to treat metastatic bladder cancer. In fact, over 70% of patients with NMIBC or CIS experience at least one instance of disease recurrence and progression after successful initial treatment [49, 50] , and patients with MIBC generally also experience a poor outcome, as more than 50% of these patients die due to their disease within 5 years despite systemic therapy [51] . As a result, our study aimed to improve the therapeutic efficacy of radiotherapy by disrupting the DDR pathway in tumor cells to ultimately increase the radiosensitivity of bladder cancer. Moreover, radiotherapy itself is a spatially confined therapeutic strategy that provides the possibility of organ preservation.
If RNF8 is also upregulated in other cancer types and if the affected organ is also anatomically accessible, such as the stomach in gastric cancer, therapeutic adenoviral vectors can be perfused or injected under direct visualization using an endoscope. This method could avoid the reduction in the effective drug concentration caused by intravenous administration. Additionally, if other genotoxic anti-cancer agents, such as certain classes of chemotherapeutic agents, eliminate cancer cells via similar molecular mechanisms, knockdown of RNF8 may hypersensitize target cells to the anti-cancer treatment. Future studies will facilitate the development of combination therapies for bladder cancer. www.impactjournals.com/oncotarget
MATERIALS AND METHODS
Cell lines and cell culture
The T24, BIU87, and 5637 cell lines were cultured in high-glucose DMEM supplemented with 10% fetal bovine serum and 100 U/ml penicillin/streptomycin (Invitrogen) at 37°C in a humidified 5% CO 2 chamber.
Western blotting
Equal amounts of cell lysates were loaded on 10% or 13% polyacrylamide gels and transferred to a PVDF membrane. The detection of proteins was performed using primary antibodies against RNF8 (Abcam, ab105362), β-actin (Abcam, ab129348), Ub-H2A (Merck Millipore, ABE569), Ub-H2B (Merck Millipore, MABE453), and H4 (Abcam, ab51997) and HRP-conjugated anti-rabbit or anti-rat secondary antibodies (Abcam, ab6721, ab6728). Densitometry was performed using Photoshop CC.
RNF8 depletion via adenovirus-mediated RNA interference
T24, BIU87 and 5637 cells were infected with adenovirus-mediated vectors expressing shRNF8 or shNull; RNF8 knockdown was accomplished using the sequence 5′-ACATGAAGCCGTTATGAAT-3′, and shNull consisted of the empty adenoviral vector (GenePharma). Transfection of the cells with virus was performed according to the manufacturer's instructions.
Colony formation assay
T24, BIU87, and 5637 cells were transfected with or shRNF8-harboring adenovirus or an empty vector and were incubated for 48 hours. Then, the cells were seeded in 6-well plates at 1,000 cells per dish immediately following irradiation. After culturing for 12 days, the percentage of surviving cells was calculated by comparing the number of colonies formed in the non-irradiated control cultures.
Immunocytochemical analysis of apoptosis
T24 cells cultured on Snapwell membranes (5 μm) were transfected with shNull or shRNF8 vector and then either untreated or irradiated (5 Gy). After recovering for 24 h, the cells were fixed in Methacarn solution, embedded in paraffin, deparaffinized, rehydrated, and treated with 3% H 2 O 2 for 1 min. Subsequently, the cells were subjected to TUNEL staining for 2 h, incubated for 1 h with polyclonal HRP-conjugated anti-rabbit IgG (Abcam, ab6721), reacted with DAB, and counterstained with hematoxylin for 2 min. The samples were washed 3 times with phosphate-buffered saline (PBS) containing 0.05% Tween-20 between each step and in distilled water after the final counterstaining step. Images were viewed and acquired using a 60× oil objective lens on a Zeiss microscope controlled by AxioVision 4.8 software. All steps were performed at room temperature. At least 100 morphologically intact cells were examined.
AO/PI double staining for the detection of apoptosis
T24 cells cultured in 6-well plates were transfected with shRNF8 vector or non-transfected and then either untreated or irradiated (5 Gy). After recovering for 24 h, the cells were trypsinized and washed 3 times with PBS. The harvested cells were resuspended in PBS and double stained with 10 µg/ml AO and PI. Images were viewed under a Zeiss fluorescence microscope. At least 100 morphologically intact cells were examined.
Immunofluorescence analysis of intranuclear focus formation
T24 cells (7×10 5 cells/ml) transfected with shNull or shRNF8 vector were plated on glass coverslips and exposed to X-ray irradiation (5 Gy) or mock-treated (0 Gy) for 1 h. Then, the cells were fixed with 4% paraformaldehyde for 15 min. After blocking with 3% bovine serum albumin/PBS containing Tween-20, the fixed cells were incubated overnight with specific antibodies and washed twice with PBS. Next, the cells were incubated with secondary antibodies for 30 min, washed twice with PBS and counterstained with 1 μg/ml DAPI (Invitrogen). The primary antibodies used were as follows: anti-γ-H2AX (Abcam, ab22551), anti-MDC1 (Abcam, ab11169), anti-53BP1 (Abcam, ab21083), anti-BRCA1 (Abcam, ab16780) and anti-RAP80 (Abcam, ab124763). Images were viewed and acquired using a 60X oil objective lens on a Zeiss fluorescence microscope controlled by AxioVision 4.8 software. All steps were performed at room temperature. At least 100 morphologically intact cells were examined.
BALB/c nude mice and tumor implantation
Six-week-old athymic BALB/c nude male mice weighing approximately 20-24 g were obtained from the Model Animal Research Center of Nanjing University. Mice were quarantined for a minimum of 5 days in the SPF-Grade Animal House under a 12 h light/dark photoperiod at 24°C. Guidelines concerning animal handling were followed. Tumors were established via subcutaneous (s.c.) injection of T24 cells (1 × 10 6 /100 μl). T24 cells were gently resuspended in 100 µl of PBS (pH 7.4; BioSource, Rockville, MD) mixed 1:1 with Matrigel (BD Biosciences, Palo Alto, CA) and injected into the right flank of the mice. Once the tumors reached a size of 100-150 mm 3 , the mice were randomized into control and treatment groups (6 mice per group). Adenoviruses were injected into the tumors 3 times on days 1, 3 and 5 after tumor establishment. Then, the mice were treated with IR, which was delivered using a Pantak Seifert 320 X-ray system at 200 cGy/min (source to skin distance of 50 cm). The mice were lightly sedated with ketamine (0.1 mg/g) and xylazine (0.02 mg/g). Only the tumor, the surrounding skin and subcutaneous tissues were exposed using a specialized lead jig. Tumor volumes, based on caliper measurements, were calculated at intervals of three days according to the formula described by Kim et al. [52] .
H&E staining of tumor tissues
Paraformaldehyde solution-fixed tumor tissues were embedded in paraffin and sliced into 5-μm sections. The sections were stained with H&E. Images were viewed in a 20× field using a Nikon microscope and were acquired using Image-Pro Plus version 6.2 software (Media Cybernetics).
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